Abstract: Using small angle neutron scattering and neutron spin echo spectroscopy, two isotopic blends of low molar mass polydimethylsiloxane (PDMS) and polyethylmethylsiloxane (PEMS), and the corresponding binary blends d- PDMS/ p-PEMS and p-PDMS/d-PEMS (d: deuterated, p: protonated) were studied at the critical composition in the homogeneous regime. From the scattering data it becomes evident that coil dimensions and collective dynamics of these both blend systems behave significantly different. Compared to the isotopic mixtures, which exhibit the expected unperturbed chain dimensions and the typical Rouse relaxation, in the binary blends, which differ by a large shift with respect to the critical temperature, considerable coil expansion and spatially restricted Rouse relaxation occur. Both these structural and dynamic effects are in agreement with the model of droplet formation and chain localization, resulting from the existence of microscopic heterogeneities within the spinodal boundaries of the phase diagram. In addition, the observation of Rouse relaxation, spatially restricted to microscopic length scales, provides a new access to the molecular understanding of the critical slowing down of the mutual diffusion process, observed by photon correlation spectroscopy.
Introduction
The structural and dynamic behaviour in the homogenous regime of semi-compatible binary blends is of considerable scientific and technological interest [1, 2] . To elucidate the related properties experimentally on microscopic and mesoscopic length and time scales, scattering methods have proved to be extremely useful. For example it is particularly due to these methods that the transition from mean field to Ising behaviour [3, 4] and the critical slowing down of the apparent mutual diffusion coefficient [5, 6] were observed and analysed.
1
According to the results of static light scattering and photon correlation spectroscopy [7] , the critical slowing down starts at the critical concentration of a nearly symmetric binary blend of polysiloxanes, which has a lower miscibility gap and correspondingly is characterized as a system of upper critical solution temperature (UCST), about 50 K above the critical temperature T c , when the correlation length of the concentration fluctuations exceeds 55 Å. These findings immediately lead to the question, which consequences have to be expected from this process on smaller length and time scales. An extensive answer can be given with the aid of static and dynamic neutron scattering investigations [8] .
In this paper, the results of corresponding small angle neutron scattering (SANS) and neutron spin echo (NSE) experiments on isotopic and binary blends of nonentangled, well characterised liquid polysiloxanes are presented and discussed on the basis of existing theoretical treatments. It will be shown that in the binary blends the coil dimensions are considerably expanded compared to the situation in corresponding isotopic blends and that the critical slowing down is accompanied by strong deviations from Rouse relaxation, normally found in low molar mass non-entangled polymer melts. These findings fit to theoretical treatments [9] [10] presented some years ago and summarized recently [11] , which predict coil expansion beyond the state of ideal conformation and chain localisation to occur in the homogenous regime of binary polymer blends.
Theoretical background for data evaluation of elastic and quasielastic neutron scattering experiments

SANS
In the framework of linear response theory [12] the static single chain structure factor S i (Q) of a polymer i is related to the susceptibility χ i (Q) by
where k B , T are the Boltzmann constant and the absolute temperature, respectively. Q = (4π/λ)sin θ is the magnitude of the scattering vector with wavelength λ of the incident beam and scattering angle 2θ. φ is the volume fraction of species i, and v i , v o are the molar volumes of the monomers and a reference cell.
Using the random phase approximation (RPA) [13] the susceptibility χ(Q) of an interacting incompressible two component polymer system can be expressed by the single chain susceptibilities χ i (Q) and the Flory-Huggins interaction parameter χ F as
In terms of the related structure factors, Eq. (2) is transformed to
where S(Q) is the static structure factor of the interacting system.
Experimentally, S(Q) is derived from the absolute neutron scattering intensity I(Q) (I(Q) in cm -1 ) by
where
is the contrast factor (N L Loschmidt number, b i coherent scattering length of species i). The dimension of S(Q) is volume/mol.
For a Gaussian chain with N i monomers, S i (Q) is given by
where P i (Q) is the Debye structure factor of a Gaussian coil
is the mean square radius of gyration, the mean square segment length). 
In the Guinier regime, QR g,i << 1, where P i (Q) is approximated by 2 2 2 2 ,
the inverse structure factor is given by ( )
χ s is the mean field value of χ F at the spinodal for which S(Q = 0) diverges. In terms of the correlation length squared ξ 2 , which also diverges at the spinodal, 
NSE
In order to describe the dynamic properties of an interacting two-component system, one has to start from the dynamic analogue of the static RPA (Eq. (1))
is the Laplace transform of the generalized time dependent susceptibility ) ,
itself is related to the dynamic structure factor S i (Q,t) by
where S i (Q,s) is the Laplace transform of S i (Q,t).
Eq. (14) or (17) have been successfully applied to analyse the dynamics of interacting systems, where the relaxation of the individual components is determined by simple diffusion [16] . However, with respect to the internal dynamics, Eq. (14) or (17) are less appropriate, since the numerical Laplace transform of the measured dynamic structure factor S(Q,t) suffers from the limited time domain, experimentally accessible by the NSE method.
In addition, one has to keep in mind that the influence of the χ F parameter becomes less important at spatial dimensions QR g > 1, which are probed by the NSE technique. Thus, analysis of the NSE data can start from the assumption that in isotopic and binary non-entangled polymer blends the internal relaxation is determined by single chain Rouse behaviour at all compositions of the protonated and deuterated material as long as the degrees of polymerisation are almost the same.
The normalized dynamic structure factor (S(Q,t)/S(Q,0) for a single chain with Rouse dynamics [17] and superimposed centre of mass diffusion (diffusion coefficient D) is given by [18] 
where ) .
, which is defined as S(Q,t)/S(Q,0) divided by the centre of mass contribution exp{-DQ 2 t}.
The influence of Flory-Huggins interaction on the internal dynamics of single chains can only be treated in the short time limit [16] , where the characteristic frequency Ω(Q) is derived as the initial slope or the first cumulant of S(Q,t)
In the framework of this approach, Ω R (Q,χ F ≠ 0) is given by
with Ω R (Q) as introduced in Eq. (20) .
Experimental part
Synthesis
Up to a molecular weight of about 50 000, narrowly distributed deuterated and protonated PEMS are obtained with nearly total conversion by anionic living ringopening polymerization of the corresponding deuterated and protonated cyclic trimer in the solvent and promotor tetrahydrofuran (THF) with sec-butyllithium as initiator. So the desired molecular weights were achieved with an accuracy better than 10% [19, 20] . The deuterated monomers were prepared in nine reaction steps starting from deuterated ethanol and methanol. The protonated monomers were synthesized from commercially available ethylmethyldichlorosilane [21] .
Narrowly distributed protonated and deuterated PDMS were synthesized from the related protonated and deuterated cyclic trimers in two reaction steps [22] . First 10% of the monomers reacted in benzene with the initiator butyllithium to form a prepolymer; then the rest of the monomers, dissolved in the solvent and promotor THF, was added. The protonated cyclic trimers were commercially available; the deuterated ones can be prepared in six reaction steps, starting from deuterated methanol.
The following protonated and deuterated PDMS and PEMS polymers, carefully characterized by size exclusion chromatography (SEC) with toluene as solvent and 5 PDMS or PEMS calibration curves, were used as components of the isotopic and binary blends to be studied by neutron scattering and supplementary light microscopy (LM) investigations (cf. Tab. 2).
Tab. 1. Characteristics of deuterated and protonated PDMS and PEMS (M w mass average molar mass, M n number average molar mass, I polydispersity, N w degree of polymerisation, T g glass transition temperature as obtained from differential thermal analysis (DTA), η 0 Newtonian viscosity) 
Neutron scattering
SANS
The samples were kept under nitrogen in quartz cells (sample thickness: 1 mm) and mounted in brass cell holders. SEC before and after the SANS experiments showed no evidence of sample degradation. The experiments were performed with the instrument KWS II at the cold source of the research reactor FRJ-2 at Forschungszentrum Jülich, Germany [23] . Wavelength λ of the neutrons amounted to λ = 7.9 Å; the wavelength width, transmitted by a helical slit selector, was δλ/λ = 18%. The chosen distances between the two-dimensional He detector and the samples were 2 m and 8 m, providing a usable span of scattering vector magnitudes in the range 0.007 Å -1 < Q < 0.12 Å -1 . Measurements were performed at 199, 143, 127, 111, 62 and 48°C with an accuracy of ±2°C, always in a descending sequence. The scattering data were corrected for empty cell scattering and scaled to absolute units by comparison to the scattering from a secondary standard sample (Lupolen). The latter had been calibrated at the same wavelength with a 0.1 mm thick, degassed and surface-polished vanadium single crystal. Corrections for multiple scattering and the effect of wavelength spread were found to be negligible. The scattering of matrix samples d-PDMS, p-PDMS, d-PEMS and p-PEMS was measured at 48 and 199°C. After interpolation, the scattering of the matrices was subtracted from the scattering intensity of each isotopic blend sample according to its volume fraction.
Data evaluation was performed on the basis of Eqs. (4) and (8), since the complete scattering curve enters the fitting procedure. For the isotopic blends, the only adjustable parameters at each temperature are the interaction parameter χ F (T) and the mean square segment lengths σ i 2 (T), assumed the N i are known independently (e.g., from GPC measurements). In contrast, for the related binary blends, χ F (T) is the only adjustable parameter due to the fact that the σ i 2 (T), when determined from corresponding isotopic blends, enter now as additional fixed input parameters. However, it will be shown that a proper data description requires a variation of σ i 2 (T), too.
NSE
The samples were kept under nitrogen in niobium containers (sample thickness: 2 mm) and a thermostated enclosure with 5 mm thick aluminium beam windows. Temperature control was better than 0.5°C. SEC before and after the NSE experiments proved that no sample degradation occurred.
Experiments were performed with the NSE spectrometer at the cold source of the research reactor FRJ-2 at Forschungszentrum Jülich, Germany [24] . The neutrons left the velocity selector with λ = 8 Å and δλ/λ = 10%. The chosen scattering vectors Q = 0.05, 0.08, 0.10, 0.14 and 0.20 Å -1 allowed to observe the segmental dynamics; the span of the Fourier times t was in the range 0.1 < t < 22 ns. Experiments were performed at 200, 150 and 100°C, always in a descending order. The coherent scattering of the deuterated matrices, determined for each temperature, as well as background and empty cell scattering were subtracted from the measured intensities. Additionally, a correction for losses in polarisation was performed by division of the measured intensities through the resolution function of the spectrometer S spec (Q,t), the latter being determined from the elastic scattering of a magnesium oxide sample. 
Results and discussion
Statics
-PEMS/p-PDMS (c) and d-PDMS/p-PEMS (d) blends,
T c amount to 307 and 404 K, which is in good agreement with the findings by optical microscopy (cf. Tab. 2). A shift in T c for systems, which besides small changes with respect to the number of monomers of their components only differ reversing the protons by deuterons and vice versa, is not surprising. Similar observations were made as well on blends of olefins [25, 26] as of other polymers [27] . However to our knowledge, never such a large T c shift was observed. The origin of this so-called switch or swap effect is discussed in detail by various authors [26, 28, 29] . From the fact that both isotopic siloxane blends exhibit a χ F parameter ≠ 0, one has to draw the conclusion that generally thermodynamic interactions are induced by the proton-deuterium exchange, which cannot be neglected as assumed in the data evaluation of earlier SANS experiments. In addition, one should keep in mind that χ F of higher molar mass, symmetric isotopic blends even may become positive in the temperature range considered here [30] . (8)), taking σ i 2 and χ F as adjustable parameters. For comparison, the corresponding R g value from a PDMS isotopic blend, where single chain properties are probed [31, 32] , is included in Fig. 2 . Obviously there is no difference between the single and many chain properties with respect to the chain dimensions, and the collective static behaviour exhibits the features of the unperturbed state.
For both binary blends, where in principle σ i 2 of both components as determined from the isotopic blends have to enter as fixed input parameters in Eq. (8), the strict application of RPA cannot describe the scattering data satisfactorily (cf. Fig. 3 ). To overcome this problem, RPA was modified replacing in Eq. (8) There is no doubt that R g values of both binary blends are considerably larger than the R g of the corresponding isotopic blends, which do not much differ from each other in the temperature range considered here. These findings confirm earlier data derived from light scattering experiments on a comparable completely protonated PDMS/PEMS blend [33, 34] , which showed that R g increases when one leaves the critical point in the direction of the homogeneous regime. At a temperature T = 340 K, which is 27 K (sample (c)) and 10 K (completely protonated PDMS/PEMS blend [33] ) above T c , the numerical comparison with respect to the square root of the mean square segment length leads to nearly identical results: light scattering: <σ This coil expansion, which has been confirmed by numerical simulations [35] , is beyond the predictions of the simple RPA approach, used to derive the scattering law (Eq. (3)). According to Vilgis et al. [9] [10] [11] it has to be considered as a typical blend effect occurring in the mean field regime of polymeric mixtures, as can be shown analytically by a perturbation treatment on the basis of an effective Hamiltonian. 
/T). Isotopic blends: x, d-PDMS/ p-PDMS (a); ○, d-PEMS/p-PEMS (b). Binary blends: ▲, d-PEMS/p-PDMS (c);
In Fig. 4 correlation lengths ξ for the isotopic and binary blends as a function of the absolute temperature T are plotted in the form 1/ξ 2 vs. 1/T. For comparison, 1/ξ 2 = 3/<R g 2 > of the isotopic blends, the limits related to χ F = 0, are included as broken lines. Whereas the ξ 2 values of the isotopic blends due to the negative χ F are smaller than <R g 2 >/3, indicating a perfect blending of both components on intramolecular length scales, the ξ 2 values of both binary blends exceed this limiting value at 150 -160 K above T c or even more. On a T -T c scale the effect is much more pronounced for d-PDMS/p-PEMS than for p-PDMS/d-PEMS. From these observations one has to conclude that microscopic demixing starts far away from the critical point and that the concentration fluctuations in the macroscopically homogeneous regime may have relatively large length scales not only in the neighbourhood of T c . On the other hand, the lengths are non-uniform with respect to the distance T -T c , even for very similar systems. As will be shown below, this early onset of microscopic demixing has considerable consequences on the dynamic behaviour, too.
Dynamics
NSE spectra of different isotopic siloxane blends, where the single chain behaviour is probed due to a small amount of labelled material (φ p ≅ 0.1), and the related Rouse rates Wσ 4 can be found in the literature [36] [37] [38] [39] . In all cases the spectra follow the predictions of the Rouse dynamics. The same is true for the collective dynamics. As a representative example, Fig. 5 shows the NSE spectra of the PEMS isotopic blend (φ p = 0.5, sample (c), at T = 473 K). The solid lines, which result from a common fit of all spectra with the dynamic structure factor of the Rouse relaxation superimposed by a centre of mass diffusion using Wσ 4 as adjustable parameter, are in excellent agreement with the experimental data and confirm the validity of the Rouse model. Comparing the relaxation rates of the PDMS and PEMS isotopic blends (samples (a) and (b)) one finds that PDMS relaxes faster and that the rates differ by a factor of 1.8, which is in reasonable agreement with the ratio of the inverse segmental friction coefficients when the relation 1/ζ i ∝ N i σ i /η i is used with N i and η i from Tab. 1 and σ i as derived from SANS. In contrast to the isotopic blends, in both binary blends with φ p = spectra are typical of a segmental dynamics, which is restricted in space. They were observed in melts of high molar mass linear polymers [40] [41] [42] , where spatial constraints are induced by the formation of entanglements, as well as in polymer networks [43] , where the motional freedom in space of the cross-links is restricted by the network formation itself. In order to estimate the spatial extension r c of unrestricted Rouse dynamics, the dynamic scattering law of Ronca [44] was used, which originally was introduced to take into account the spatial restrictions of a chain reptating in the virtual tube built up by the entanglement of its neighbours. Since this scattering law is derived under the assumption, which underlies the reptational mechanism, that chain dynamics parallel to the chain contour is very slow compared to the corresponding perpendicular direction, it is a good approximation for a dynamics spatially restricted in 3 The experimental observations fit to the results of a theoretical approach, presented by Vilgis and Meier some years ago [10] . Using the droplet picture in connection with phase transitions, these authors suggest that polymer chains are localized before the phase separation. This effect is expected to become significant when the correlation lengths ξ of the compositional fluctuations are on the order of the radius of gyration R g , which is taken as the internal length scale to characterize the size of the individual unperturbed polymer chains. For polymer blends with UCST behaviour this can be relevant well above the phase separation, as has been confirmed experimentally above for both binary siloxane blends.
In both isotopic blends the actual correlation lengths as derived from the collective structure factor are smaller than R g /3 1/2 , the limit of ξ for χ F = 0, indicating strong interpenetration of both components on intramolecular length scales. Accordingly, the chains are not localized and spatially unrestricted Rouse dynamics takes place (r c → ∞). However, as soon as ξ exceeds R g /3 1/2 (e.g., d-PEMS/p-PDMS at 473 K), the chain localization (r c = 79 Å ≈ 1.5 R g ) becomes visible by NSE. This effect is even better developed in the case of d-PDMS/p-PEMS at 473 K, where ξ = 63 Å ≈ 1.25 R g and r c = 56 Å are found. Unfortunately, there are no NSE measurements in the vicinity of T c where ξ becomes much larger than R g and chain location takes place on such large length scales that Rouse dynamics appear to be spatially unrestricted since at the actual Rouse rates the experimental resolution with respect to r c is limited to a maximum of 90 -100 Å.
The static and dynamic collective behaviour in low molar mass binary polymer blends as presented above is completely different from the corresponding single chain behaviour. This case has been treated extensively by Monte Carlo simulations [45] . The authors find unperturbed chain dimensions and spatially unrestricted Rouse dynamics. Their results are confirmed by corresponding experimental observations of elastic and quasi-elastic neutron scattering measurements [20, 46] . This difference is a direct consequence of the thermodynamic interactions affecting distinctly the collective properties of the blend system and not the related single chain properties.
The results of the NSE investigations provide new insights in the process of critical slowing down of the mutual diffusion [7] . Such anomalous diffusion behaviour has been observed recently by means of helium-3 nuclear reaction analysis on another system, too [47] . Obviously the onset of this process is accompanied by the fact that the dynamics on segmental length and time scales becomes limited in space whereas the rate of elementary chain relaxation, the Rouse rate, remains unaffected. When approaching T c the extension of these limitations increases due to the progress of microscopic demixing, which is manifested by the increase of the correlation lengths of the compositional fluctuations and can no longer be detected by the NSE technique. On the other side these spatially growing limitations dominate more and more the mutual diffusion, which finally breaks down completely at the critical point.
Conclusion
Once again SANS and NSE spectroscopy have proved to represent unique and complementary methods to study the structural and dynamic behaviour of polymeric systems. Corresponding investigations on two isotopic and two corresponding binary blends of low molar mass polysiloxanes at the critical composition show that the coil dimensions and the collective dynamics of these both blend systems behave significantly different in the macroscopically homogeneous regime. Compared to the isotopic mixtures, which exhibit the expected unperturbed chain dimensions and typical Rouse relaxation, in the binary blends considerable coil expansion and spatially restricted Rouse dynamics occur. Both effects become visible far above the critical temperature. They are in agreement with the model of chain localisation or droplet formation resulting from the existence of microscopic heterogeneities within the spinodal regime of the phase diagram. In addition, the observation of Rouse relaxation, spatially restricted on microscopic length scales, can provide a new access for the molecular understanding of the critical slowing down of the mutual diffusion process.
